Redox Oscillation Impact on Natural and Engineered Biogeochemical Systems: Chemical Resilience and Implications for Contaminant Mobility  by Charlet, Laurent et al.
 Procedia Earth and Planetary Science  7 ( 2013 )  135 – 138 
1878-5220 © 2013 The Authors. Published by Elsevier B.V.
Selection and/or peer-review under responsibility of the Organizing and Scientific Committee of WRI 14 – 2013
doi: 10.1016/j.proeps.2013.03.048 
Water Rock Interaction [WRI 14] 
Redox oscillation impact on natural and engineered 
biogeochemical systems: chemical resilience and implications 
for contaminant mobility 
 
Laurent Charlet1,2*, Ekaterina Markelova1,3, Chris Parsons3, Raoul-Marie 
Couture3, Benoît Madé4 
1ISTerre, University of Grenoble, B.P. 53X, 38041 Grenoble, France. 
2Institut Universitaire de France, Paris, France 
3Department of Earth and Environmental Sciences, University of Waterloo, Waterloo, ON Canada N2L3G1 
4Andra / DRD-TR, Direction Recherche et Développement, 1-7 rue Jean Monnet, 92298 Châtenay-Malabry cedex, France 
Abstract 
Many geochemical systems fluctuate regularly from oxic to anoxic conditions (flooded soils and nuclear waste 
surface repositories, for instance). In these conditions many inorganic contaminants including Sb, Se, Cr, As, and U 
are highly sensitive to changes in redox conditions. These oscillations may result in changes to their speciation, 
toxicity, and mobility. We demonstrate through the combination of redox-stat batch-reactor experiments that periodic 
and cumulative changes to matrix mineralogy, contaminant speciation, and mineral surface properties occur 
following periodic cycles of reduction and oxidation.  These changes result in both short-term (intra-cycle) and long-
term (inter-cycle) changes to Kd values for a range of redox sensitive contaminants. These results demonstrate that 
naturally occurring redox oscillations may result in long-term immobilization of contaminants in the solid phase in 
addition to short-term variations in mobility. 
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1. Introduction 
Many geochemical systems fluctuate regularly from oxic to anoxic conditions. Systems becoming 
seasonally anoxic include macrophyte water treatment plant, and engineered low activity nuclear waste 
disposal. The period of these redox oscillations may vary from minutes (respiration in mud), to hours 
(macrophyte water treatment plants), to days (wetland plant rhizosphere; and urban wastesewage pipes), 
weeks (irrigated rice field; oxygenated water injection in Fe rich GW), to years (phreatic- or engineered-
flooded soils, floodplain, riparian and hyporheic zones, seasonally stratified lakes, and groundwater 
abstracted aquifers, artificial surface recharge aquifers), to decades (lake “sediments”, swamps and peat-
bogs becoming oxic “soils” upon urbanization, desertification or agriculture expansion; anoxic 
sedimentary formation and aquifers turn oxic upon groundwater over-abstraction or fracking fluid 
intrusion) to million years (banded iron formations). Reactions in these systems often do not reach 
thermodynamic equilibrium and physical/chemical diffusion, electron transfer kinetics, and solid phase 
nucleation (e.g. carbonate, sulphide, metallic), together with microorganisms, control the transient states 
of these systems.  
In such systems, the mineralogical composition is often considered to be static, and therefore, that 
interactions with contaminants and nutrients may be well constrained. Typically, solid/aqueous partition 
coefficients (Kd values) are obtained empirically to determine the proportion of contaminant immobilised 
by the solid phase for individual barrier material/contaminant combinations at defined contaminant 
loadings and pH. These values may then be used as indicators of potential contaminant mobility around 
waste storage facilities following the possible failure of engineered barriers [1]. While Kd values are a 
useful tool to modellers estimating contaminant mobility through porous media at thermodynamic 
equilibrium, matrix mineralogy, and therefore Kd values, are liable to change over time and under 
dynamic biogeochemical conditions [2].  
In the present paper we shall discuss the chemistry, biology and mineralogy of near surface environments 
implicated in back-filled or excavated storage solutions, currently proposed for low-level long-lived waste 
(LL-LLW). These systems may be implicated to groundwater level variations, which will result in more 
dynamic redox conditions than those predicted in e.g. deep, anoxic geological storage conditions [2]. To 
conduct experimental, analytical or spectroscopic investigation on these systems is a challenge which will 
be discussed, together with the “natural attenuation”- or release - of toxic elements (such as As, Sb, Se, 
Cr, U) [3-5]. Dynamic conditions are similar to those experienced in pluvial, fluvial or phreatic 
influenced soils and are likely to be far from thermodynamic equilibrium [6]. (Bio)chemical models of 
such redox oscillatory systems should be included in risk assessment and system management of former 
military or mine sites, waste storage facilities, “green” waste water treatment, floodplains and urban 
development.  
2. Material and Methods 
During a series of laboratory experiments argillaceous substrates were subjected to successive cycles of 
oxidizing and reducing conditions with Eh oscillating between -215 and +340 mV induced via both 
abiotic and microbial methods. Chemically induced cycles of oxidation and reduction were achieved via a 
combination of gas sparging (nitrogen vs. compressed air) and the addition of a synthetic reduced humic 
substance analogue (AH2DS2-). Microbially induced cycles of oxidation and reduction were achieved 
using gas sparging (nitrogen gas vs. compressed air) to stimulate different metabolic pathways of a 
natively present microbial community. 
137 Laurent Charlet et al. /  Procedia Earth and Planetary Science  7 ( 2013 )  135 – 138 
3. Results  
Many inorganic contaminants often associated with LL-LLW including Sb, Cr, As, Hg and U are also 
highly sensitive to changes in redox conditions which may result in changes to their speciation, toxicity 
and mobility [3-6]. These changes result in both short term (intra-cycle) and long-term (inter-cycle) 
changes to Kd values (Table 1) for a range of redox sensitive contaminants associated with LL-LLW 
including arsenic, chromium, selenium, mercury and uranium (Figures 1 and 2). 

Fig. 1. The effect of abiotically induced redox cycling on 
aqueous chromium concentration in a Callovo-oxfordian 
clay suspension. Note the changes to chromium mobility 
both between oxidizing (white) and reducing (blue and 
grey) periods in addition to the cumulative reduction of 
aqueous concentrations due to mineralogical changes. 

Fig. 2. The effect of microbially induced redox cycling on 
aqueous arsenic concentrations in a clay rich soil suspension 
over time. 
Table 1: Partition coefficients recorded during redox-oscillating batch experiments using doped Callovo-oxfordian suspensions [7]. 
Contaminant Clay loading,  
g/L 
Contaminant concentration,  
uM/L 
Kd max observed, 
L/kg 
Kd min observed, 
L/kg 
Arsenic 2.0032 51.49 616 97 
Chromium 2.0028 57.57 2,333,530 21,642 
Mercury 2.0030 0.175 330,094 25,560 
Uranium 2.0030 50.402 53,569 129 
 
We demonstrate through a series of redox-stat batch-reactor experiments that periodic and cumulative 
changes to matrix mineralogy, contaminant speciation and mineral surface properties occur following 
periodic cycles of reduction and oxidation. Both As and Cr are released in water during the anoxic 
periods (“N2”), presumably as a result of the dissolution of Fe oxyhydroxides on which they were 
previously sorbed. During the following oxic phase, both As and Cr concentration drop, and the 
metastable concentration observed drops from oxic to oxic. This behavior coud be explained by a Gay-
Lussac-Ostwald ripening of the (Cr, Fe)OOH solid solution formed [7] or the corresponding As(III,V)–
rich iron oxyhydroxide phase formed in the As experiments. The results obtained show that successive 
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oscillations result in irreversible immobilization of minor and trace elements, in line with Sparks 
observations [8], in addition to short term variations in mobility. 
4. Discussion 
Cyclic redox conditions of varying periodicity are likely to occur around near surface repositories due to a 
combination of microbial activity and variations in substrate saturation caused by changes to groundwater 
level and rates of pluvial infiltration. Upon saturation of near surface substrates reducing conditions occur 
rapidly due to slow inward diffusion of oxygen from the surface and rapid oxygen consumption by 
aerobic heterotrophic bacteria gaining energy from the mineralization of organic matter [3-6]. Subsequent 
to the exhaustion of residual oxygen, anaerobic metabolism dominates in such environments resulting in 
the depletion of nitrate and sulphate in addition to the reductive dissolution of manganese and iron oxide 
minerals and an increase in CO2 partial pressure. Whilst some authors demonstrate that such cyclic redox 
conditions may alter the properties of clay material due to illitization of smectite clays, the dynamic 
chemical conditions occurring during redox cycling may also result in the dissolution and re-precipitation 
of metal oxides, sulphides and carbonates. The balance of these minerals, even if present at sub-per cent 
levels as impurities, has the potential to dramatically alter contaminant mobility. 
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